A method for connecting a driving shaft to a three-dimensional composite disk via a polymer ring was examined to achieve stable rotation at high rotation speeds. Polyoxymethylene (POM) was adopted as the polymer ring material. Compression test was conducted to determine the limit of linear viscoelasticity, and creep resistance of POM was examined to evaluate its long-term durability. Structural design using finite element analysis including long-term creep resistance has shown that this method was predicted to be effective up to a tip speed of 1210 m/s. A three-dimensional composite disk was reinforced to three directions in accordance with the cylindrical coordinates. A trial composite disk with outer and inner diameters of 304 and 41 mm, respectively, was manufactured and tested up to a tip speed of 908 m/s. Vibration amplitudes were measured using gap and laser sensors. The vibration phenomenon and methods of suppressing vibration were discussed for higher rotation speeds.
Introduction
Carbon fiber reinforced plastics (CFRPs) have been often applied to flywheel rotors for electric energy storage systems in order to achieve high-speed rotation by exploiting its high specific strength (Ha, 2006 , Arvin, 2006 . Cooling or press fitting is generally used to fix a disk with a shaft via some device (hub) (Ha, 2006 , Arvin, 2006 , Hayes, 1998 , Takahashi, 2002 , Nasu, 2002 . This connection produces compressive stresses on the disk-hub interface, and these stresses in turn make the connection between the two parts stable. However, as rotational speed increases, the disk is subjected to greater centrifugal force than the hub (or shaft). Consequently, the disk tends to detach from the shaft, inducing rotational vibration. Vibration growth at high-speed rotation affected or suspended spin test (Ha, 2006 , Takahashi, 2002 . The connection between the disk and hub was considered to be important (Arvin, 2006 , Yasser, 2003 .
We have developed an optimum design of a three-dimensional carbon fiber composite (3DCF) disk in which reinforcement is distributed along the axial directions of the cylindrical coordinate system (r, θ, z) and shown that high energy density including the hub can be stored, especially when the ratio of the inner to the outer radius of the disk, λ = r1 / r2, is less than 0.5 (Hiroshima, 2015) . However, to effectively use the optimized composite disk, a countermeasure against the detachment of the disk and hub (or shaft) and therefore against the resulting vibration should be developed . The development of such a stable rotor assembly under high speed rotation including the disk, hub and shaft is the objective of the present study.
To obtain a rotor assembly with λ smaller than 0.5, Gowayed et al. (2003) devised a box hub mounted between the Noboru HIROSHIMA * , Hiroshi HATTA *,** , Yuuichi NAGURA *** , Masashi KOYAMA **** , Takenobu SAKAI ***** and Yasuo KOGO disk with λ of 0.436 and shaft and numerically showed that 93 Wh/kg of the maximum energy density including the hub can be attained. Gabrys et al. (1997) reported a composite disk with a λ of 0.075 by placing three interlayers of elastomers between multiple concentric composite rings. At maximum speed, positive radial stress in the interlayers mean that elastomers are elongated not to separate from neighboring composite rings. The maximum energy density of this disk including the shaft was measured experimentally to be 84 Wh/kg. However, in their study, time-dependent material properties were not discussed for long-term durability.
We have developed a trial 3DCF disk with a λ of 0.13 and evaluated three methods for connecting the disk to the shaft (hub). Through this experimental study, we found that a 3DCF disk is likely to have a certain amount of initial mass unbalance that can cause in-plane slippage . We concluded that the method of placing a polyoxymethylene (POM) ring between the disk and shaft effectively maintains their connection at high rotation speeds. When cooling fitted, polymers can thus produce a large deformation mismatch by high thermal expansion coefficients and thus maintain compressive stresses on the disk-hub interface up to high rotation speeds. However, polymers exhibit notable creep and stress relaxation behavior. Hence, achieving stable high-speed rotation necessitates considering timedependent properties when a polymer is used as a connection device.
In this study, we demonstrate the effectiveness of connecting a 3DCF disk to a shaft using a POM ring as a hub. First, POM was subjected to compression tests to determine the allowable stress for cooling fit (deformation mismatch) within the limits of elastic behavior. Second, on the basis of the viscoelastic test results for POM, possible deformation mismatch was predicted by finite element analysis (FEA) to maintain a stable connection. Finally, a spin test for a trial rotor was conducted. The vibration was monitored at several positions on the disk and a test fixture using laser and gap sensors to elucidate the vibration behavior and to explore vibration suppression. 3. Design
Nomenclature

3-dimensional fabric design and composite manufacturing
A rotation-tested 3DCF disk was reinforced to three directions in accordance with the cylindrical coordinates (r, θ, z) (Hiroshima, 2015) . Figure 1(a) shows an optimized disk fabricated in our previous study (Hiroshima, 2015) . The thickness of the 3DCF disk decreases in inverse proportion to the radius. In this disk, the fiber volume fraction in the r direction (Vfr) is kept constant because continuous fiber bundles run straight from the inner to the outer radius. This disk has an in-plane volume fraction of fiber of 0.45 (Vfr + Vfθ) and an axial volume fraction of fiber of 0.02 (Vfz) and was predicted to have a burst tip speed of 1592 m/s.
Figure 1(b) shows an actually fabricated disk that was modified for manufacturing convenience. This disk has Vfr and Vfθ values of 0.183 and 0.252 on average, respectively . The configuration of the optimized disk shown in Fig. 1(a) may cause several problems in fabrication. To circumvent these problems, the disk configuration was modified as follows.
1) To avoid distortion and deformation after curing, the thickness at the outer radius was increased from 2 to 4 mm. This change has another advantage of improving the energy density of the disk. 2) The thickness profile was simplified and varied to four straight lines.
3) Flat and horizontal planes were formed from the inner radius to a circle of r = 37 mm for precise positioning of the disk in the assembly system. The stress distribution in the disk shown in Fig. 1(b) was calculated using the ABAQUS commercial software (ver. 6.2). The predicted burst tip speed and energy density including the hub were 1520 m/s and 121 Wh/kg, respectively .
The reinforcing fabric was composed of high strength type PAN-based-carbon-fiber (Torayca T1000G; Toray Co. Ltd., Japan) for r and θ bundles, and low-strength type (Torayca T300; Toray Co. Ltd., Japan) for z bundles because of the small stress induced in the axial direction. Shikibo Ltd., Japan supplied this fabric. Table 1 presents the material properties of the fiber, resin, and steel (for assembling fixture) used in stress analyses. The composite disk was formed by resin transfer molding. Cyanate ester-type resin of 180°C cure type (EX-1545; Koninklijke Ten Cate nv.) was used for the matrix. In the composite fabrication process, the fabric was placed in the empty cavity of the metal-matched die having the same dimensions as shown in Fig. 1(b) . The resin was infused into the die cavity under reduced pressure , Yoshimura, 2010 . Figure 2 shows test fixtures used for the specimen. To maintain accurate coaxiality during the assembly, the structure in which a shaft penetrates the center of the POM ring was adopted. The 3DCF disk is fixed to the shaft by a nut. A POM ring was positioned between the 3DCF disk and shaft, and compressive strain was induced on the interface via a cooling and press fit process using liquid nitrogen. The outer radii of the shaft, POM ring, and 3DCF disk were 11, 21, and 153 mm, respectively. The compressive stress induced by the cooling and press fit process at the POM ring-disk interface 
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was determined using FEA. SNCM616 was used as the shaft material . POM (CP-15X, Polyplastic Co., Ltd.,) with high creep resistance was used as the resin ring. Table 1 shows POM properties. Generally, plastic materials have high thermal expansion coefficients compared with those of metals. Thus, a large deformation (compressive strain) can be induced by the cooling fit process. The two parts remain connected as long as the cooling-fit-induced compressive strain is not canceled by the tensile deformation of the disk under the centrifuge force of high-speed rotation .
The displacement gained by the cooling fit δFIT,c is expressed as
where rh is the outer radius of the hub to be cooling-fitted, ΔT is the temperature difference between room temperature and the cooling fit temperature, and α is the thermal expansion coefficient of the hub. A potential fitting displacement of 0.462 mm is obtained by assuming a POM α-value of 110 μ/K (Table 1) in eq. (1) under the assumption of liquid nitrogen as the cooling medium (ΔT =200) and the outer radius of POM ring (rh=21mm). The displacement of the inner radius of the 3DCF disk at the burst tip speed of 1520 m/s is calculated to be 0.41 mm by FEA, which is smaller than the fitting displacement of 0.462 mm calculated using eq. (1). Thus, when POM is used as the ring material, the connection (joint) is expected to be maintained at a high burst tip speed of 1520 m/s.
In the assembly process, the POM ring was first cooling fitted into the 3DCF disk. After the POM ring was cooled and shrunk by liquid nitrogen, it was inserted into the center hole of the 3DCF disk. Then, in the temperature recovery process of the POM ring to room temperature, compressive stress was induced at the ring-disk interface. The shaft was then press fitted into the center hole of the POM ring at a rate of 0.05 mm/min using a screw-driven mechanical testing machine (Autograph AG-5000A; Shimadzu Corp.).
Experiments
Spin tests
The rotational mass unbalance in the disk was investigated using a dynamic balancer Mitutoyo Corp.) . The 3DCF disk shown in Fig. 1(b) has a mass unbalance of 19.3 g·mm after the curing process. After spin test rotor was assembled as shown in Fig. 2(a) , the entire mass unbalance was adjusted to 0.15 g·mm by adding small screws at the small holes engraved into the shaft. This residual unbalance was on a level of grade G1 according to the balance quality grade (JIS 0905, 1992) , thereby allowing a maximum rotation speed of 100,000 rpm.
Residual unbalance can also be improved and adjusted by grinding the 3DCF disk. However, this can damage the fiber bundles just underneath the disk surface and cause them to fly away, which could result in further mass unbalance (Goto, 2003) . Therefore, we did not adopt this method. Hiroshima, Hatta, Nagura, Koyama, Sakai and Kogo, Mechanical Engineering Journal, Vol.3, No.4 (2016) [DOI: 10.1299/mej.16-00261]
Spin tests were conducted using a spin tester (Maruwa Co. Ltd., Japan) driven by an air turbine (Fig. 3) . During the tests, the chamber pressure was reduced to 80 Pa. The rotation speed was increased intermittently at 100 rpm/s. As shown in Fig. 4 , displacement sensors were placed at four points: U, L, P, and Q. point O is the intersection of the disk midplane and the axial center of the shaft. Although vibration at point O cannot be measured directly using a sensor, its amplitude is important for understanding vibration behavior. This behavior was estimated from the radial amplitudes at U and L measured using eddy current sensors (PU-05; Applied Electronics Co., Japan).
The gap sensors generated large noise measuring the vibration amplitude on the 3DCF disk surface. Therefore, laser sensors (lkg-15; Keyence Co., Japan) were used to measure the amplitude of the outer radius at points P and Q. Three sensors (U, L, and P) were placed at the same angles in the circumferential direction. Except for point U, the amplitude measurements were limited to 38,000 rpm in order to avoid sensor damage from unexpected disk fracture.
Compression tests
A large δFIT enables high rotational speeds. However, this also produces large compressive stress in the POM ring. The compression strength of POM was measured to estimate the maximum δFIT.
Compression tests were conducted for the POM ring according to standard JIS K7181 (2011). The specimen shown in Fig. 5(a) was used, and its surface area of 4 × 10 mm 2 was uniformly loaded. In accordance with the JIS standard, the dimensional accuracy of each specimen was better than 0.01 mm, and the squareness tolerance was less than 0.025 mm/10 mm. Each specimen was compressed at a rate of 0.5 mm/min using a screw-driven mechanical testing machine. Strain gages (KFP-2-120-C1-65; Kyowa Electronic Instruments Co., Ltd.) were patched on both 10 × 10 mm 2 square surfaces. Test results were deemed acceptable when the difference in the strains was less than 5%.
Dynamic viscoelastic tests
To evaluate the creep behavior of the POM ring for long-term use, we conducted dynamic viscoelastic tests (JIS K7244, 1998) . The dynamic viscoelastic behavior was measured using a shear device (Rheometrics; RSA2). Figure 5(b) shows the dimensions of the specimens. Tests were conducted in a three-point bending mode, where a sinusoidal displacement with maximum 0.2% strain from 0.6 to 12 Hz was applied. Measurement temperatures were varied at 5°C intervals between 25 and 135°C. Hiroshima, Hatta, Nagura, Koyama, Sakai and Kogo, Mechanical Engineering Journal, Vol.3, No.4 (2016) [DOI: 10.1299/mej.16-00261]
Contact, viscoelastic, and elastic FEAs of rotors
FEAs were conducted using commercial software (ABAQUS, ver. 6.11). Figure 6 (a) displays an analytical model including contacts between the disk, POM ring, and shaft. Eight axisymmetric rectangle node elements were used, and contact elements including friction effect were defined on all contact boundaries of the three parts. The orthogonal material properties vary in the radial direction and were estimated using the equivalent inclusion methods (Hiroshima, 2015) . Table 2 presents elastic properties of composites used for computations when Vfr =0.183, Vfθ=0.252, Vfz =0.024.
The model has 6120 elements and 18,919 nodes in total. The axial displacement was constrained on the upper surface of the shaft, as shown in Fig. 6(a) . The flange shown in Fig. 2 has outer and inner diameters of 62 and 22 mm, respectively, on its upper surface, which contacts the 3DCF disk and POM ring. A total axial force of 200 N was applied to the contact surface line, as shown in Fig. 6(a) . Constraint of the same displacement was adopted on the contact surface line. Friction factors on the contact surfaces were set to 0.15 (Ogasawara, 2012) .
The calculations consisted of the following three steps: 1) Contact analysis to determine the contact pressure (σr) after cooling fit on the POM ring-disk interface.
2) Viscoelastic analysis to predict the time-dependent contact pressure within three years at temperatures ranging from −60 to 80 °C.
3) Static analysis for estimation of the maximum rotation speed at which joining can be maintained. The temperature range in step 2 covers cold to tropical regions. The radial compressive stress decreases with time because of the time-dependent behavior of POM. This tendency reduces the maximum connection-keeping speed. The tip speed beyond which the radial stress (σr) turns positive and separation occurs was analytically calculated and defined as the maximum connection-keeping tip speed (MCKTS) possible.
There is another FEA procedure in which step 3 is performed prior to step 2. In this case, the radial compressive stress decreases due to centrifugal force. This means the MCKTS is enhanced because the viscoelastic effect also becomes weak. Thus, this FEA procedure to determine the MCKTS was neglected in this study. Figure 7 shows the compressive stress-strain relation of POM under cyclic loading, i.e., cycling of loading/unloading/reloading under increasing maximum compressive stress. A slight permanent strain appeared at a maximum stress of 80 MPa. On the basis of this result, δFIT was designed to maintain a maximum stress of less than 70 MPa. Table 2 Elastic properties of composites used in finite element calculations Hiroshima, Hatta, Nagura, Koyama, Sakai and Kogo, Mechanical Engineering Journal, Vol.3, No.4 (2016) [DOI: 10.1299/mej.16-00261] Figure 8 shows the time-dependent storage modulus of POM tested in 5°C intervals between 25 and 135°C. Figure  9 shows the master curve for storage modulus of POM at a reference temperature of 25°C (Sakai, 2008) . From this master curve, creep compliance distribution was determined on the basis of the generalized Voigt model and the result was used for analyzing the viscoelasticity via FEA.
Results
Compression tests
Viscoelastic tests
Viscoelastic analysis
First, FEA was conducted for the cooling fit process. The deformation mismatches (δFITs ) in the radial direction are defined as the overlapped length of the inner radius of the disk and outer radius of the POM ring or the inner radius o f the POM ring and shaft radius . The δFIT between the 3DCF disk and POM ring was determined to be 0.34 and that between the POM ring and shaft was 0.03 mm. The outer radius of the POM ring at room temperature was set at 21.34 mm by adding δFIT (0.34 mm) to the 3DCF disk's inner radius of 21 mm. This outer radius shrinks to 20.87 mm upon exposure of the ring to liquid nitrogen; this radius is smaller than the inner radius of the 3DCF disk. The shrunk POM ring can be inserted into the center hole of the 3DCF disk. Although the inner radius of the POM ring is larger than the outer radius of the shaft before POM's cooling fit into the 3DCF disk, it becomes 0.03 mm smaller than the outer Hiroshima, Hatta, Nagura, Koyama, Sakai and Kogo, Mechanical Engineering Journal, Vol.3, No.4 (2016) [DOI: 10.1299/mej. radius of the shaft at room temperature. In this situation, the shaft was press fit into the center hole of the POM ring at room temperature. Figure 10 shows the time-dependent compressive stress on the POM ring-3DCF disk interface without rotation. The horizontal axis shows time (day). The latitude shows compressive normal stress σr in the radial direction. After three years, the stress became nearly constant. Viscoelastic analysis indicates that the normal stress σr increases from 3 to 11% after three years depending on temperature. After analyzing the viscoelasticity for three years, the MCKTS was calculated by a static analysis.
Figure 6 (b) shows the distribution of normal stress σr at a tip speed of 900 m/s. The σr on the interfaces of the two different materials of the three components varies from −38.8 to −5.47 MPa. This result indicates that the three components remain in contact at this speed. Figure 11 shows the temperature-dependent MCKTS of the POM ring. According to this figure, the MCKTS is predicted to not substantially degrade even after three years of using the POM ring. Though the disk has a predicted tip speed of 1520 m/s for its material strength, it is reduced to 1284m/s because of the limit of POM's compressive stress of 70MPa. Viscoelastic effects after three years decreased the possible tip speed to 1210 m/s at 25°C. This is the case when the POM ring is hollow. Figure 12 shows the temperature-dependent MCKTS when a POM disk without hole is used. In case of the solid disk, MCKTS without viscoelastic effect is 1557m/s, exceeding 1520m/s which is estimated by its material strength. Compared with a hollow disk, a solid disk produces small compressive stress under equivalent outer diameters when cooling-fitted. The solid POM disk improves the MCKTS to 1456 m/s at 25°C. Similarly, a smaller center hole in the POM ring is also expected to improve the MCKTS. Figure 13 shows the maximum amplitude during a spin test measured at point U in Fig. 4 . The horizontal axis shows the rotational speed (rpm). In the figure, a small peak at 600 rpm resulted from first-order resonance. The second peak was caused by self-excitation at 6000 rpm. This excitation ceased at approximately 10,000 rpm, and the amplitude gradually increased thereafter. The spin test was stopped at 56,700 rpm (908 m/s) because the amplitude exceeded the danger threshold of 150 μm. Temperature of the tested rotor inside the camber rose from 26.0 °C at the start of the spin test to 38.8 °C in the end because of the slight air friction during the rotation. Figure 14 presents the result of Fourier transformed amplitude up to 30,000 rpm, as shown in Fig. 13. In Fig. 14 , the horizontal axis represents frequency (Hz), the axis in the depth direction shows rotational speed, and the vertical axis shows intensity. Two characteristic intensity patterns are observed in the figure: synchronous with frequency and Fig.12 Temperature-dependent maximum tip speed up to which the interfacial connection between solid POM cylinder and 3DCF disk is stable. Fig.11 Temperature-dependent maximum tip speed up to which the interfacial connection between POM ring and 3DCF disk is stable.
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asynchronous.
The asynchronous intensity is composed of frequencies from 18 to 26 Hz, which approach the frequency of the specimen's first-order resonance. This suggests that the asynchronous intensity pattern was caused by self-excited vibrations. A self-excited vibration is defined as a phenomenon in which friction in a sliding part intermittently supplies energy to a vibration system and enhances its amplitude (Den Hartog, 1956 ). This phenomenon was not problematic for high-speed rotation because it disappeared at higher rotation speeds.
The synchronous amplitude increased with frequency, especially at rotation speeds beyond 10,000 rpm. This suggests that this amplitude increase was caused by rotational mass unbalance in the specimen. Although the mass unbalance including test fixtures was minimized, the intrinsic mass unbalance of 19.3 g·mm in the 3DCF disk might provide vibration force during high-speed rotation and increase its amplitude.
Experimental confirmation of possible MCKTS
When the 3DCF disk exhibits its full potential stiffness based on the rule of mixture, the MCKTS becomes 1210 m/s at 25°C (Fig. 11) . If the stiffness degrades because of, for example, the curvature of fibers, the disk's inner radius easily expands by centrifugal force. Thus, compressive stress on the interface is immediately cancelled, resulting in separation of the POM ring and 3DCF disk. To evaluate the stiffness of the 3DCF disk, its displacement was measured at the outer radius and the result was compared with that obtained by FEA calculation. The ratio between the measured and calculated radii might provide information about the extent to which the stiffness of the disk was degraded.
Displacement at the outer radius of the disk includes the dynamic vibration amplitude and θ-independent homogeneous expansion by centrifugal force. The expansion (displacement) during rotation can be measured by a pair of laser sensors (points P and Q) placed at two opposite peripheries, as shown in Fig. 4 . An average of the two sensors cancels dynamic vibration, providing only the expansion measurement. Figure 15 presents a comparison of the measured and calculated outer radius displacements. As this figure shows, the measured expansion is approximately 1.35 times larger than the calculated expansion, meaning that the measured stiffness at the outer radius is 74% of the calculated stiffness. When the stiffness decreases to 74% of the design, the tip speed that gives the same displacement also decreases. Deformation is, in general, proportional to the square of the tip speed. The degraded MCKTS can be estimated to be 1040 m/s (1210 m/s × √0.74). The spin test was stopped at a tip speed of 908 m/s because of the risk of unexpected rotor fracture as a result of weakening compressive stress, which might loosen the interface and causing the POM ring to slip around the disk. Nasu et al. (2002) reported a spin test of a 3DCF disk to a tip speed of 825 m/s. The tip speed of 908 m/s in the present study is substantially greater than that in their study and confirms the validity of using a POM ring as a hub for high-speed rotation.
Rotating conditions
Under rotation, bending of the shaft and spindle can be considered to be the main mode of vibration. The spindle diameter is 7.9 mm, which is smaller than that of the shaft (22 mm) as shown in Fig.2 . Thus, the shaft is much stiffer than the spindle; consequently, we assumed the shaft to be a rigid body. Only the spindle bends to generate vibration. Under this assumption, the shaft rather tilts from the rotational axis and maintains a straight line during rotation . This tilt can be observed as two different displacements at points U and L.
While the displacement at point P includes the vibration amplitude and disk expansion by centrifugal force, that at point O includes only the vibration amplitude. Although the vibration amplitude at point O cannot be measured directly using a sensor, it can be obtained by linear interpolation of the displacements at points U and L. The amplitudes at points O and P are expected to be the same provided the 3DCF disk expansion by centrifugal force is excluded from point P and asymmetric deformation does not occur in the radial direction . Figure 16 shows the maximum amplitude in the radial direction measured at points U, L, P' and O as a function of rotational speed. point P' is the value obtained after excluding the 3DCF disk expansion from the measured value at point P. Consequently, point P' represents only the vibration amplitude. The results in Fig. 16 show that the amplitudes of the three points increase in the order U < P' < L at rotational speeds exceeding 10,000 rpm. The dashed line in the figure is a prediction at point O obtained by linear interpolation. Because point P' is located between U and L in the axial direction (Fig. 4) , vibration measured at point P' agrees with that measured at point O if asymmetric deformation does not occur in the radial direction. point P' in Fig. 16 began to become larger than point O at 20,000 rpm. This result might stem from the 3DCF disk's inherent mass unbalance that induces asymmetric in-plane deformation by centrifugal force and further mass unbalance.
Asymmetric in-plane deformation induced by inherent mass unbalance in the 3DCF disk is represented as δ in Fig.  16 . This δ quantity was estimated by FEA. Figure 17(a) shows the model in which 56,748 elements and 247,336 nodes constitute a half-disk. Mass elements of 19.3 g·mm in total, equivalent to the inherent mass unbalance, were added on the right side of the cross section of the 3DCF disk. Other FEA conditions were the same as those in the model in Fig. 6 . Figure 17 (b) presents the FEA result of asymmetric radial displacement at 38,000 rpm. This figure shows a larger shift of the disk's outer radius toward the right. Displacements are 0.2568 mm on the right side and 0.2303 mm on the left side. The half-difference between the two sides (0.0132 mm) constitutes δ, which is close to δ (0.014 mm) in Fig. 16 . This suggests that the inherent mass unbalance in the 3DCF disk most likely induced the asymmetric in-plane deformation and produced further mass unbalance. Consequently, with increasing rotational speed, the rotor's vibration amplitude was gradually increased by the unbalanced mass. The value represented by point P' excludes disk expansion from that at point P.
Discussion
One method for improving the rotational speed limit is minimizing the inherent mass unbalance in the 3DCF disk. A lower inherent mass unbalance in the disk might be less affected by centrifugal force and produce less eccentricity. Voids remaining in the disk are likely the cause of the mass unbalance. The disk has a porosity of 1.8%. One approach to reducing porosity is to infiltrate the resin into the fabric under high pressure.
Another approach is applying a higher compressive stress σr during the cooling fit process. A larger compressive stress enhances the MCKTS. The σr induced by the same amount of δFIT depends on the hole diameter of the POM ring. In fact, the MCKTS varies from Fig. 11 to 12 depending on the outer radius of the shaft shown in Fig. 2 . A solid disk (without a hole) maximizes the MCKTS.
A third approach is to enhance the disk stiffness. Because a disk with high stiffness undergoes less expansion of its inner radius, compressive stress induced by cooling fit remains sufficiently high at high rotation speeds to keep the interface connection stable. FEA shows that high disk stiffness diminishes in-plane deformation against mass unbalance and thereby reduces vibration amplitude.
Conclusions
The method of connecting a driving shaft to a disk via a POM ring is effective for a high-speed rotating 3DCF disk with a small inner-to-outer radius ratio. To demonstrate the validity of this approach, we fabricated a trial spin test rotor in which a 3DCF disk comprising r-, θ-, and z-direction-reinforcing fibers and a driving shaft were assembled with a POM ring. The spin tests of the trial rotor were conducted at 908 m/s without fracture, the highest ever tip speed achieved using a 3DCF disk with a maximum amplitude of 150μm. Finally, we suggested methods for further improving the tip speed.
